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Abstract 
This dissertation was written as part of the MSc in Sustainable Agriculture and Business 
at the International Hellenic University.  
The green peach aphid is a polyphagous pest which causes severe damage in a variety 
of crops and for this reason a number of intensive chemical control programs have 
been applied the last decades. The chemical control of green peach aphid is regarded 
challenging due to the different resistance mechanisms that have developed in aphid 
populations by the use of synthetic insecticides. The continuous use of the same 
chemical insecticides has directed to the appearance of the insecticide resistance in 
the majority of MoA groups.  In the present dissertation all the chemical groups with 
the basic representatives that have been used for the control of M. persicae the 
previous years are described in detail.  
In this study the susceptibility of ten aphid clones of M. persicae from one region in 
northern Greece was examined with leaf dip bioassay method against flonicamid. The 
results showed that the resistance factors were relatively low, which was in 
accordance with other corresponding bioassay studies. The majority of studies have 
indicated no resistance to the insecticide flonicamid without detecting any resistance 
mechanism although more research is needed. Moreover, data of the insecticide 
resistance from applications in International and also in Greek aphid populations is 
presented in the dissertation. Due to the above reasons the resistance levels of various 
chemical groups have been studied extensively with purpose to determine the 
effectiveness of the insecticides’ use and also to detect the frequency of resistance 
mechanisms in M. persicae populations.  
In this point I would like to thank Assistant Professor George Karaoglanidis, for 
providing me the chance to deal with a significant subject which raises concerns in the 
agricultural sector. Furthermore, I want to thank Dr Amalia Kati, for the scientific 
guidance and supervision in the laboratory experiments that I conducted during the 
preparation of this dissertation and also Dr Ioannis Margaritopoulos, researcher at 
ELGO-Demeter for the excellent cooperation and the valuable assistance in the 
  
statistical analysis and the processing of raw data. Finally, I thank K&N.  EFTHYMIADIS 
S.A. for partially funding the monitoring of resistance program in flonicamid.  
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Preface 
The green peach aphid M. persicae is regarded as one of the most destructive pests 
globally as it causes damage to many hosts such as peach, tobacco, potato, pepper. It 
has also the ability to transmit plant viruses. The basic characteristics of M. persicae 
are the various reproductive modes and the biological cycle of this pest which can be 
adjusted to different regions and hosts with diverse climate conditions. So, Greek 
aphid populations of M. persicae are assumed as an intriguing occasion for study of 
insecticide resistance.  
The last decades although different crop protection methods have been used, such as 
genetical, biological, cultural and mechanical, the pest control relies on the chemical 
method against pests. The control of M. persicae aphid is accomplished chemically 
with the use of synthetic insecticides. The extensive use of insecticides leads to the 
resistance development in many chemical groups and it can be linked either with 
metabolic pathways or target site proteins. Until now seven resistance mechanisms 
have been identified in connection to the respective chemical groups. The most 
widespread chemical group that has been used for the control of M. persicae is 
neonicotinoids which has shown remarkable efficiency and high selectivity. 
Furthermore, a significant number of chemical classes have been used such as 
organophosphates, carbamates, pyrethroids and other insecticides as pymetrozine, 
flonicamid, sulfoxaflor, spirotetramat, flypyradifurone.  As it was observed, the wide 
and successive use of the above chemical classes for the control of M. persicae has led 
to resistance development in the majority of them and especially in the neonicotinoid 
class.  
Insecticide Resistance Management (IRM) is a valuable tool in the integrated control 
programs. A basic principle of IRM is the alternation of MoA groups adopting the 
window approach strategy based on the biological cycle of pest and the crop stage. 
Moreover, the guidelines of IRM are to minimize the number of chemical applications, 
the appropriate control timing and the compliance with the recommended doses. The 
insecticides used through successive windows should have different mode of action 
according to IRAC. Nowadays, one challenge that the agriculture sector faces is the 
maintenance of existing and new insecticides effectiveness as the available tools are 
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steadily restricted due to banning decisions from the European Union for certain 
chemical classes.  
 To conclude, it is considered essential that the monitoring of resistance would be an 
important part of the Integrated Pest Management programs in order to ensure the 
effective control of M. persicae.  So, the planning of chemical control programs should 
aim to the decrease of selection pressure and the preservation of the insecticide 
activity for a longer time. 
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1. Introduction  
In this chapter the biological cycle and the chemical control of M. persicae with MoA groups 
are presented. Also, the framework of integrated pest management and the thesis purpose 
are described.  
1.1 Biological cycle of M. persicae  
The aphid M. persicae is a widespread polyphagous pest found in peach orchards as well as 
on numerous crops and it is known as the green peach aphid. The host range is great, over 
400 plant species which belong to approximately 40 families and the majority of them are 
crops with high economic value. It is regarded as one of the most destructive pests in 
national and international level due to the damage caused in many crops such as peach, 
tobacco, potato, pepper. Basically, the damage is focused on the crop leaves due to the 
sapping of plant juices and finally the leaves wilting. Apart from this, it also causes severe 
direct damage to plants due to the feeding activity or indirect with the transmission of plant 
viruses and the development of sooty mold on honeydew wastes which decrease the rate of 
photosynthesis and pollute the agricultural production. The pest M. persicae is one of the 
most effective plant virus vectors so it can transmit more than a hundred virus species in 
highly economic crop such as tobacco, potato, pepper.  
The biological cycle of M. persicae (cyclical parthonegensis) includes one sexual generation 
(sexual phase of biological cycle) on peach (Prunus persicae). This takes place in autumm, 
which is the season in which it lays the overwintering eggs. This is followed by a number of 
continuous parthenogenetic generations (only female) during spring on peach and on other 
herbaceous annual host plants during summer and autumn. A typical example of M. persicae 
biological cycle is presented in Figure 1. In some cases the sexual generation of the aphid 
may be lost totally (obligate parthenogenesis) or partially (functional parthenogenesis) when 
it produces a small number of sexual individuals (Margaritopoulos, 2002). Another 
characteristic of the aphid M. persicae is the choice of host-specialization with a 
characteristic example the Myzus persicae nicotianae which mainly causes damage on 
tobacco crop (Blackman, 1987).  
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The control of M. persicae is based mostly on intensive programs with the use of synthetic 
insecticides. Due to the selective pressure from the insecticide use, the pest has developed 
steadily resistance in most chemical groups and consequently the control is not regarded as 
an easy task. It is regarded as one of twelve most resistant pests/mites species worldwide 
(Sparks & Nauen, 2015). In the resistance ranking is in third position because it has 
developed resistance to 75 insecticides while on the top is the spider mite, Tetranychus 
urticae with known resistance in 93 acaricides.  
 Other factors which contribute to the evolution of resistance and the spread of resistant 
genes are either biotic such as fitness cost, life cycle, migration, reproduction rates and 
population genetics or abiotic such as crop rotation, distribution, winter severity, 
adaptability and others (Foster, 2007, Voudouris et al., 2017). In the Mediterranean region 
with temperate climate like Greece the life cycle of aphid populations is usually holocyclic 
which means alteration between one sexual and many asexual generations, and also 
alteration between peach and herbaceous hosts. The particular biological traits in 
combination with high migration rates lead to the dissemination of resistant genes through 
sexual reproduction and new resistant genotypes may be produced. These traits can be 
transferred to persistent asexual genotypes due to the gene flow that may take place 
between the sexually and asexually reproducing genotypes in aphids (Margaritopoulos, 
2007, Halkett, 2008).  
The appearance of resistance has been attributed either to metabolic pathways and 
mutations in the target proteins of the insecticides (Bass, 2014). The next section presents all 
the chemical groups with respective chemical units and also the description of their target 
activity. All the following chemical groups have been used successfully in the last decades for 
the effective control of green aphid M. persicae in peach and tobacco crops. Although in 
recent years the majority of these chemical groups have been able to control the pest M. 







































End of spring 
Migration of peach 










Blue arrow = peach 
Green arrow = Herbaceous 




1.2 Chemical control of green peach aphid  
The chemical groups and the Mode of Action classification by IRAC are presented in this 
section.  
In Greece the green peach aphid is mostly controlled with synthetic insecticides and 
particularly the most popular chemical group used is neonicotinoids in recent years as it has 
gained the biggest market portion. Neonicotinoids chemical group is regarded as one of the 
most important chemical groups due to high efficacy results against various important pests 
and also the multiple uses (Nauen, 2008). The registration of this group is so wide because it 
can be applied in more than 120 countries globally against sucking pests and other 
lepidopteran, coleopteran and dipteran pest species by foliar, soil and seed treatment 
applications (Elbert, 2008). The neonicotinoids’ target site is the nicotinic acetylocholine 
receptor (nAChR) which is a pentmeric cys-loop ligand-gated ion channel met in the central 
nervous system of insects (Jeschke, 2011). Neonicotinoids (MoA - group 4) are modulators of 
the nicotinic receptor of acetylocholine nAChR and they also have effects on the nervous 
system of pests (group 4A). The first neonicotinoid chemical compound was imidacloprid 
introduced in 1991, followed by nitenpyram and acetamiprid in 1995 and finally 
thiamethoxam in 1998. This chemical group covered more than 25% of the total insecticide 
sales globally in the year 2014. The largest quantities of these products are used in Latin 
America, Asia and North America with a percentage near to 75% while Europe possesses 
only 11% of the total neonicotinoid sales (Bass, 2015). The continuous use of this chemical 
group has leaded to unavoidable increase of the selection pressure.  
Another important chemical group which has been used effectively for the control of green 
peach aphid is organophosphates which belong to (MoA – group 1) inhibitors of AChE 
acetolychonesterase (group 1A). This chemical group possesses a major portion of 
insecticide sales due to high neurotoxicity in many pests and the low risk to mammals since 
they have the ability to biodegrade. Organophosphates are produced from esters or thiols 
come from phosphoric, phosphonic, phosphinic or phosphoramicid acid. Moreover, the 
organophosphates’ mode of action is based on non-reversible phosphorylation of esteraces 
in the central pest nervous system. The typical symptoms of toxicity are agitation, muscle 
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disability, muscle fasciculations, miosis, hypersalivation and sweating (Sogorb, 2002). The 
main representative of this group is the chlorpyrifos that is a wide spectrum non-systemic 
insecticide used for a great variety of basic pests (Ejaz, 2017). Particularly, chlorpyrifos is an 
acetylcholine-esterase inhibitor and its mode of action is to discontinue the pest nervous 
system and stop the function of neurotransmitter acetylcholine that is a neuron of nervous 
system. Especially, the inhibition of acetylcholinesterase (AChe) is aroused over the 
stimulation of nicotinic and muscarinic acetylcholine receptors.  
In the same chemical group another significant class is carbamate insecticides which come 
from carbamic acids and they can control a great variety of harmful pests. The carbamates 
toxicity is found on the inhibition of acetylcholinesterase (AChE) and their severe effects are 
quite similar to organophosphates because they induce equivalent symptoms on the pest 
nervous system. Another ability of carbamates is to inhibit neuropathy esterase target 
retrievably but also carbamates could not mature the inhibited enzyme and therefore they 
are not able to induce neuropathy (Lotti, 1992). Carbamates belong to (MoA – group 1) 
inhibitors of AChE acetylcholinesterase 1B) and have effect on nervous system of pest.  
Another crucial chemical group is synthetic pyrethroids developed with purpose to replace 
natural pyrethrins owning to high specificity and toxicity. The molecules of these chemical 
compounds are esters with an alcohol and a half acid while its biodegradation is based on 
the division of esterase. The mode of action of pyrethroids grounds on the high preference 
for Na+ channels and they cause toxic effects altering the functions of these channels. 
Consequently, the union of pyrethroids to Na+ channels induces an extensive unfold of 
sodium channels (Narahashi, 1996). The high concentration of pyrethroids might provoke an 
entire depolarization of the nervous membrane and it directs to congest of nervous 
excitation. The Pyrethroids group (MoA - group 3) is inhibitors of sodium channel (group 3A) 
that have an effect on the nervous system of pest.   
A new innovative insecticide class is sulfoximines whose main target is pests which feed with 
plant saps (Sparks, 2013). Sulfoximines display some specific characteristics due to the 
distinctive chemistry and are launched for commercial pesticide use. The unique 
representative of this chemical group is sulfoxaflor (MoA-group 4) that is competitor of 
nicotinic receptor of acetylocholine nAChR and have an effect as the previous chemical 
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groups on the nervous system of pests (group 4C). The sulfoxaflor mode of action is based 
on the insect nicotinic receptors such as other insecticide classes neonicotinoids, spinosyns 
and nereistoxin analogs although they do not belong to the same chemical classes due to the 
important differences in the structural activity relationships (SAR) between these groups. 
These differences on the structure activity relationships of the two chemical classes lead to 
the distinctive MoA classification of the neonicotinoids and sufloximines in (Group 4A) and 
(Group 4C) respectively by the IRAC (Sparks, 2013). The mode of action of sulfoximines is the 
low preference for the (3H) IMI binding site which has a close connection with green peach 
aphid toxicity. It has been spotted that the sulfoxaflor has a lessened favor for the green 
peach aphid nAChR binding site compared to other neonicotinoids such as imidacloprid 
(Cutler, 2013). The typical symptoms in green peach aphid caused by sulfoxaflor are tremors, 
antennal flapping and also leg spiraling and extension which steadily direct to fractional or 
entire paralysis and death finally. Regarding the cross resistance between sulfoxaflor and 
neonicotinoids is not connected since the sulfoxaflor can control effectively a wide range of 
sucking pests that present resistance in imidacloprid according to other studies (Sparks, 
2012, Perry, 2012 and Longhurst, 2013).  
A relevant new insecticide which has been used for the control of M. persicae is  
pymetrozine which is by-product of azomethine pyridine (MoA – group 9) and it is inhibitor 
of ion channels of chordotonal organs and has effect on pest nervous system (group 9B). 
This insecticide has also been applied for the control of sucking-feeding pests as aphids, 
planthoppers and whiteflies as well (Margaritopoulos, 2010).  The mode of action of 
pymetrozine is different in relation to the other pesticides since it provokes directly and 
irretrievably feeding interruption of aphids and consequently they lead to the death in few 
days because of the famine (Kayser, 1994). An additional characteristic of pymetrozine is 
that it can be applied against virus aphid transmission. Especially, pymetrozine can reduce 
the transmission of cauliflower mosaic virus (CaMV) on turnip, Brassica campestris L. 
(Brassicaceae) (Bedford et al. 1998), the non-persistent Potato virus Y (PVY) (Harrewijn and 
Piron 1994); and the persistent potato leaf roll virus (PLRV) (Harrewijn and Piron 1994, 
Mowry 2005) on potato, Solanum tuberosum L. (Solanaceae). Finally, the pymetrozine 
showed to inhibit the viruses’ transmission because it had noticeable effects in the phase of 
acquisition and/ or inoculation.   
11 
 
A further one insecticide spirotetramat introduced to the market a few years ago for the 
control of aphids and particularly M. persicae, scales, whiteflies and other sucking feeding 
pests in various crops (Wang, 2016). Spirotetramat is a by-product of tetramic acids (MoA – 
group 23), it is a new cyclic ketoenol compound whose target site is in acetylo-CoA 
Carboxylace and its activity is the inhibition of lipid biosynthesis with purpose to block the 
creation of fatty acids (Ouyang, 2012).  The mode of action of spirotetramat is that it could 
be translocated both upwards and downwards through the xylem and phloem of 
translaminar plant vascular system afterwards the foliar application and absorption due to it 
is systemic (Naeun, 2008). An extra characteristic of spirotetramat is that it can decline the 
nymph survival at different instar stages dependently on each pest and it has also adverse 
effects on adult fertility and fecundity. According to laboratory studies, spirotetramat 
exhibits great insecticidal activity against the nymphs of Bemisia tabaci (Ge, 2011, Guillen, 
2014), the spider mites Tetranychus urticae and Panonychus citri (Chen, 2011, Marcic, 2012), 
also the flower thrip Frankliniella occidentalis (Guillen, 2014). Nevertheless, there is no 
adequate data concerning the sublethal dose rates of spirotetramat on the biology of M. 
persicae. Finally, the absence of cross resistance between spirotetramat and other 
insecticide classes makes it automatically a valuable insecticide tool in the framework of IPM 
globally (Ouyang, 2012).   
Furthermore, flonicamid is an innovative selective systemic insecticide with high activity 
against aphids and other sucking pests, whiteflies, hoppers, plant bugs, psyllids (Morita, 
2014). The chemical compound flonicamid belongs to pryridine carboxamide group with an 
innovative chemistry activity. The mode of action has been determined as obstructing A-type 
potassium channel and its adverse effects are on declining pest feeding and giving up aphids’ 
movement (Xu, 2011). It causes irretrievable inhibition of feeding status mainly to adult 
aphids and also severe toxic effects on aphid nymphs (Roditakis, 2014). Therefore, its mode 
of action is not through acetylcholine esterase or nicotinic acetylcholine receptors such as 
neonicotinoids although it has partial structural similarities (Morita, 2007). Also, flonicamid 
has no environmental impact and no effect on beneficial arthropods due to the low mammal 
toxicity and it is suitable for IPM programs. Concerning the mode of action of flonicamid is 
classified as modulators of chordotonal organs group 9 in class C to the same group as 
pymetrozine but in different class (9B) by Insecticide Resistance Action Committee (Ren, 
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2018).  Due to the lack of cross resistance with other chemical classes it is regarded as a 
useful management tool for integrated pest management programs (Xu, 2011).  
An additional novel insecticide that belongs to butenolide class named flupyradifurone has 
been recently launched with purpose to restrict the insecticide resistance in aphid species as 
being a valuable management tool in IPM rotation programs.  Its mode of action is to 
agonize partially nicotinic acetylcholine receptors (nAChRs) and it can also reversibly bind to 
acetylcholine (ACh). The main characteristics of this chemical compound are the apoplastic 
movement in the plant xylem which provides systemic protection and it has interactions 
with the pest nervous system (Wang, 2020). The flupyradifurone presents some similarities 
with the chemical class of neonicotinoids but there are significant differences in the 
structural activity compared to them and for this reason it is classified separately to the 
subgroup 4D by the IRAC classification scheme (Jeschke, 2015). This insecticide has been 
applied for the effective control of aphids, whiteflies, psyllids and other sucking pests. 
Another attribute of flupyradifurone is the inhibition of plant virus transmission by adults of 
B. tabaci (Roditakis et al., 2017). It can be used in a wide variety of crops like trees, industrial 
and vegetables with foliar spray, soil, drench or seed applications. Moreover, this active 
ingredient was examined against honey bees and they did not show any unfavorable effects 
and so it can be sprayed in the blooming stage of crops. According to bioassay studies 
(Nauen, 2015) flupyradifurone in M. persicae populations did not note cross resistance with 
other neonicotinoid insecticides and pymetrozine as it is able to control effectively the 
resistant pests since this compound is not metabolized by P450 cytochrome which induces 
metabolic resistance to these groups.  
 
1.3 Integrated pest management - IPM  
The main goal of IRAC is to hamper or detain the development of insecticide resistance in 
various pests such as aphids, mites and others (tick) and it is a technical working group which 
provides a combined action to crop production industry (Naeun, 2012). Its mission is firstly 
to provide information about insecticide resistance topics and expertise knowledge on the 
insecticide use. Secondly to schedule and propose innovative pest management control 
programs with purpose to maintain the efficacy of insecticides and also to emphasize in the 
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principles of sustainable agriculture (IRAC, 2006). The most important function of IRAC is the 
classification of chemical groups based on the mode of action or the target site of 
insecticides. The MoA classification scheme includes more than 25 chemical groups and it 
also provides useful information on the total number of compounds in each group, the 
market value of group and the introduction year of each active ingredients.  
Two types of resistance have already been recognized and those are attributed to the 
mutations in the target site proteins and the metabolic pathways of the insecticides. 
Especially, the target site resistance is ascribed to the genetic modification of this and in case 
it appears the insecticidal activity and the effectiveness of a compound is gradually lost 
against this target site. So, all the chemical compounds with similar structure belong to the 
familiar MoA and for this reason it is likely to develop target-site resistance and also cross-
resistance between the members in the same group. On the other hand, the metabolic 
resistance is closely related to the intensified metabolism from the pest enzymes. This type 
of resistance is not associated with any specific target site protein and consequently it can 
lead to the insecticide resistance in many IRAC MoA groups. In the occasion of metabolic 
resistance and the recognition of cross resistance issue it is regarded impossible the given 
rotations, alterations and sequences of MoA groups to be applied successfully.  Additionally, 
the resistance mechanisms are linked to the ineffective penetration of the insecticide into 
the pest or behavioral alterations of the pest can direct to resistance in several MoA groups 
(IRAC, 2006).  
In order to assess the levels of insecticide resistance and the corresponding resistance 
factors various diagnostic methods have been considered by scientists and researchers such 
as bioassays (used a range of doses) or diagnostic dose (methods applied insecticides) FAO-
dip test which discern the clones to sensitive and resistant based on the mortality 
percentage (FAO, 1979), local application, leaf dip- test, also biochemical methods 
(measured the enzymes activation) and finally molecular diagnostic methods (Taqman, RFLP-
PCR, bi-PASA PCR).  
The basic notion of classification is focused on the target site and on the chemistry 
innovation, different action on the same target site and the susceptibility to metabolic 
pathways. In case a compound has a particular activity against a target site and that is not 
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the same than others then it will be placed in a separate group such as neonicotinoids 
(group 4) or pyrethroids (group 3). Moreover, when chemical compounds have a different 
activity in the same target site they are placed in separate groups such as sodium channel 
modulators (pyrethroids) and blockers (indoxacarb and metaflumizone) (Wing, 2010, 
McCann, 2012). Similarly, chemical groups with a common target site activity which note 
differences in the chemical activity they are placed in individual subgroups due to the 
differences in the metabolic procedures for avoiding cross-resistance appearance for 
example carbamates and organophosphates.  The IRAC MoA classification has made some 
proposals for the optimal use of the insecticides minimizing the selective pressure as the 
rotation of the chemical compounds in the same groups which belong to separate subgroups 
(such as carbamates (1A) and organophosphates(1B)) is not allowed mainly if only there are 
not other available groups with completely different mode of action.  
More specifically, IPM is a systemic procedure aiming to regulate pest infestation levels 
regarding integrated decision-making strategies in order to diminish crop protection costs 
and simultaneously increase the social, economic and environmental benefits. The pest 
control is examined with aid of benefit/cost analysis in the IPM and the basic tool of it is the 
economic injury level. Especially, the economic injury level is determined as the pest 
infestation level where the crop losses due to the pest populations equals to the cost of 
protective control measures (Pedigo, 1986). The (EIL) idea is regarded as a prerequisite for 
the definition of economic thresholds meant the possible loss due to the pest infestation 
surpasses the cost of a control measure. In the decision-making control programs the 
effective application of pesticide from an economic viewpoint is considered the time period 
where the pest population approaches the economic injury level. The concept of thresholds 
is introduced with purpose to decrease the insecticide use either minimizing the dose rates 
or the number of applications and increasing agricultural productivity and profitability.   
The framework of Intergated Pest Management (IPM) includes different methods in order to 
ensure the crop protection such as biological control methods, cultural control, autocidal 
techniques, crop rotation, semiochemichals, host plant resistance, chemical control and 
genetically modified crops (GMO) (National Research Council, 2000). An innovative method 
will be used in the future is the RNAi applied by spraying in transgenic plants aiming to 
introduce new modes of action and crop selectivity (Price, 2008, Xue, 2012). The main target 
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of the above methods is to minimize the pest pressure under the economic thresholds 
defined for each crop. As it is mentioned above the principal goal of pest control programs is 
the maintenance of efficacy level of the current and new pesticides due to the difficulties 
and complications for discovering new chemical compounds from the agrochemical industry 
(Sparks, 2013). The complications are closely related with the increasing discovery cost and 
the stringent regulatory requirements and owning to these reasons fewer companies are 
participating in the insecticide discovery procedure. 
The IRM has as mission to prevent or suppress the development of resistance and to obtain 
again the pest/insect population its susceptibility for a certain compound. The last years 
various approaches have been proposed for the effective use of insecticides such as 
alterations/rotations/sequences, mixtures and mosaics (Roush, 1989). More particularly, the 
easier, safe and less demanding approach is the alterations/rotations/sequences during the 
implementation phase (Plapp, 1990). In case of rotation approach the window or block 
strategy is usually considered the length or duration of a pest generation or growth crop 
stage (Sparks & Nauen, 2015). An example of insecticides rotation with different MoA 
against Myzus persicae in peach and tobacco crop is given in figure 2.  
This approach has been adopted in a number of case studies in Australia (Forrester, 1987), 
Hawaii (Mau, 2001) and others (Andow, 2008) and it is focused on the rotation of 
compounds with different MoAs in relation to the windows or blocks in the crop 
development period with purpose to diminish the chance for appearance of cross resistance.  
The IRAC MoA classification scheme provides the opportunity to opt the most suitable 
insecticide for these rotation schemes with daily information. The chemical compounds are 
classified into MoA groups in order to facilitate the selection of which compound can be 
applied in each IRM program or rotation scheme. Accordingly to the local conditions, crop 
characteristics and pest biology one or two applications per compound are allowed in each 
window. Particularly, the applications of each compound into the MoA spray windows or 
blocks depend on the crop stage development and the biology of pests. So multiple sprays 
with a compound could be applied in the same MoA spray window, however subsequent 
generations of a pest are not permitted to deal with the insecticidal compound from the 
same MoA group as the previous window or generation (IRAC, 2020).  
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The critical point of this procedure is the next window or generation is not treated with a 
compound that belongs to the same MoA group applied in the previous window/generation. 
The IRAC MoA groups could constitute a useful diagnostic tool to determine the differences 
between compounds which belong to other MoA groups in relation to the chemical 
compound just used.  The total number of MoA groups classified by the IRAC institute is 25 
and it can be discerned to three separate clusters where in first cluster takes part only 
compounds which have effect on the nervous –muscle system of pests. In the second cluster 
there are compounds that basically cause growth and development alteration of 
pest/enemies. Another cluster includes compounds related with the respiration system of 
pests and especially interrupts the energy production and finally the cluster that has effect 





Pymetrozine   Weed control 
Flonicamid   Avoidance of other solanaceae species 
MoA4   Protection of aphids 
(Neonicotinoids, sulfoxaflor) 
   
    
  





 Applications: 1 in breeding greenhouses (Aphids and reduction of virus transmission) 
 Neonicotinoids (Aphids) 
Oils (reduction of virus transmission) 
 1 or more applications depend on pest 
populations 










MoA4: Sulfoxaflor, Neonicotinoids (optimal one application per cultivation period) 
Rotation MoA during the cultivation period 
Figure 2. Typical example of insecticides rotation with different MoA in regions where peach 
and tobacco are cultivated together and the majority of aphids migrate from peach to 







1.4 The thesis purpose  
The basic purpose of the present dissertation is to examine the effectiveness of the 
insecticide Teppeki with drastic compound flonicamid in order to determine the resistance 
levels of a number of aphid field populations and one lab clone. The method used for the 
examination of the resistance levels is dose response bioassays regarding various insecticide 
doses applied with leaf dip-tests. The clones’ resistant profiles will be determined with the 
examination of LD50 values and also the resistance factors (RF) will be calculated. Finally, the 
dissertation aims to diagnose the resistance levels of M. persicae populations and compare 
the results with other studies examined the resistant populations of green peach aphid with 
certain chemical group. Through the comparative analysis the evolution of resistant 
populations can be assessed in order to highlight the possible difficulties and risks in the 
control of M. persicae and also to propose effective control measures under the framework 
of intergraded pest management. 
2. Materials & Methods 
The samples of the aphid M. Persicae populations were collected from peach orchards in 
Northern Greece and particularly from the region in Meliki Imathias. The number of samples 
was ten. One standard clone 4106A with known resistance profile was also used. During the 
spring of 2019, infested leaves with aphids were collected from peach orchards and one 
sample from every fourth or fifth peach tree along the planting row was collected in early 
April before the aphid populations started the migration to other host plants such as 
tobacco.  
The aphid samples from peach orchards were kept in a self –closing plastic bag containing a 
slight amount of air and the infested leaves were covered with a piece of paper towel so as 
the excess moisture to be absorbed and they transferred into containers with ice pack until 
they  were brought to the lab.  One adult wingless female from each sample was chosen in 
order to establish a new clone. Ten aphid parthenogenetic clones were set up in the 
laboratory starting with one wingless parthenogenetic female adult aphid from each sample.  
The aphid clones were kept in small well ventilated plastic boxes (Blackman boxes; 5x8x2 
cm) (Blackman, 1971). Also the plastic boxes had a small piece of synthetic sponge about 
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5x2x2 cm at the bottom and the insects were placed onto non infested excised plant leaves 
of Brassica rapa Hanelt (Brassicaceae) Chinese cabbage host plants. Small primarily leaves 
were cut gently from the Chinese cabbage host plants at the point of petiole with scissors 
and then they were placed in the Blackman boxes with long petiole at the bottom of 
ventilated boxes and the abaxial side to face the opening of boxes. The petiole was wrapped 
with a piece of plastic sponge in order to provide support and keep them moist.  
The samples are tested in a range of doses in order to calculate the quantity parameters 
such as the average lethal dose or concentration (LD50/LC50) and the resistance factors (RF). 
More meticulously, the LD50/LC50 is the dose/ concentration which kills 50% of the tested 
individuals and the resistance factor is the ratio between the LD50 or LC50 of an examined 
field clone and the LD50 or LC50 of a known sensitive clone-lineage which is used as reference 
population. A variety of criteria can be regarded for the assessment of the resistance levels 
and the frequency of the resistance mechanisms appearance for each studied year.  
In the present dissertation the resistance levels of Myzus persicae clones were examined in 
bioassays with flonicamid with the leaf-dip method, in collaboration with Dr. John 
Margaritopoulos (Hellenic Agricultural Organization – "DEMETER", Institute of Industrial and 
Forage Crops, Department of Plant Protection at Volos). Three clones were established from 
aphid samples collected from peaches in Meliki in 2019 and reared in the laboratory at 23 ± 
1 0C with a 16:8 h light:dark photoperiod. Young (1–2 days old) adult wingless females were 
used in the bioassays with flonicamid. In the bioassays 9 to 10 different concentrations 
(including a water-only control) of water dispersions of flonicamid (Teppeki) were used. 
Young leaves of Chinese cabbage were dipped for 10 s in the solutions and placed on 1.1% 
agar in plastic dishes (described above). In each plastic dish, 10 adult aphids were placed 
with a paint brush. Treated aphids were maintained at 23 ± 1 oC with a 16:8 h light:dark 
photoperiod and RH 50–60% and mortality was assessed after 7 days. Dead and poorly co-
ordinated aphids (irreversible symptoms) were classified together as affected. The 
determination of lethal doses LC50 and the confidential limits 95% for each clone was made 
by probit analysis using the statistical program PC Polo plus (Finney, 1971). In addition, data 
from the standard susceptible 4106A clone and seven field-collected clones were provided 




The basic materials needed are the following: small ventilated petri-dishes with a diameter 
between 3-5cm or plastic pots, forceps, a sharp metal tube for cutting leaf discs with 
diameter 2mm less than Petri-dish. Also, it is needed agar powder, a fine brush, beakers 
which are used for preparation of test products, syringes or pipettes for measuring of liquids 
volume or weighting balance for solids and preparing the dilutions, a binocular microscope 
or hand lens, a number of untreated leaves from a host plant, paper towels, thermometer 
for recording min and max temperatures, a microwave oven for heating. 
2.2 Method description  
The steps in order to apply this method are (IRAC Susceptibility test method 019, 2016):  
1. The ventilation of petri-dishes should be done with small holes and the diameter will 
be too small so that the aphids could not escape from these.  
2. The preparation of agar powder in concentration 1% which is mixed with distilled 
water and heating until boiling and then it is cooled with continuously mixing. When 
the agar cools after about 10 minutes, the warm agar is poured into the petri-dishes 
to a depth approximately 3-4mm. The empty space into the petri-dishes should be 
10mm between the top of agar and the edge of the petri-dishes. 
3.  The collection of an adequate number of non-infested or untreated host plant leaves 
is necessary. The leaves should not be turned to wilt by keeping them in a humid 
environment. The following host plants are recommended for each species. (IRAC 
Susceptibility test method 019, 2016)  
 
Peach-Potato Aphid (Myzus persicae)  
Cotton Aphid (Aphis gossypii)  
Lettuce Aphid (Nasonovia ribi-nigri)  
Soybean Aphid (Aphis glycines)  
Buckthorn Potato Aphid (Aphis nasturtii)  
Chinese Cabbage 
Cotton 





Pea Aphid (Acyrthosiphon pisum)  
Black Bean Aphid (Aphis fabae)  
Foxglove Aphid (Aulacorthum solani)  




Potato or Broad bean 
 
The accurate dilutions of the test substances should be taken from the label of the 
commercial products. In cases where there is not available information for the test 
products at least six widely spaced rates are recommended firstly. When the dose 
response is determined then the rate range could be decreased.  
4. The cutting of leaf discs is made with the use of a metal tube from clean and 
untreated host plant leaves. The leaf disc should be less than 2mm in diameter 
compared to petri-dishes or pots. The metal tube needs to be sharp and clean. 
5. The leaf discs are dipped individually for 10-15 sec in the test liquid with gentle 
agitation and after placing them in the dry paper towel with the abaxial surface 
facing up. The entire leaf surface has to be emerged equally without allowing the 
leaves to wilt. For each treatment the same number of leaf discs is needed and the 
minimum number of replicates is three per concentration as it is proposed.  
6. The placement of dipped leaf discs on paper towels in order to drying them with air 
and the abaxial surface up.  
7. The temperature of agar is checked and if it reaches to the suitable one then it is set 
into the petri-dishes. When the insecticide deposit is dry then lay individual leaf discs 
in the petri-dishes with the abaxial surface up. Each container is labeled with all the 
necessary details such as the insecticide name and its concentration. In order to glue 
the leaf discs to the agar surface it is preferable to use a drop of distilled water on 
the agar surface.  
 
According to the method used in the leaf discs-petri dishes can be used alternatively 




8. Ten apterous adults were transferred into each of leaf discs with the aid of a paint 
brush.  Each petri-dishes are closed with a close –fitting, ventilated lid. The petri-
dishes are stored upright.  
9. The containers are stored in chamber or in an area where they are not exposed to 
direct sunlight or too high temperatures. The maximum and minimum temperatures 
are recorded. The mean temperature is 20 0C ±3, the relative humidity 60% and the 
photoperiod is 16:8 L:D. 
10. Then, the assessment for the evaluation of aphids’ mortality is done after 72 hours or 
120 hours for pymetrozine, flonicamid and tetronic and tetramic acid derivatives. 
Adults’ aphids which are unable to move or right themselves within 10 seconds and 
once turned on their back are considered as dead aphids (combination of dead and 
seriously affected). 
11. The final results can be expressed as percentage mortalities and it is needed the 
correction of untreated (control) mortalities using the Abbott’s formula (Abbott, 
1925). Moreover, it is proposed to use a probit or a logit dose response analysis for 
determining the LC50 and LC90 for each insecticide or insect population tested.  
 
Precautions and Notes  
 It is proposed to use plastic disposable equipment as long as the formulation constituents 
are not affected and also glass equipment can be used if it is cleaned meticulously with a 
suitable organic solvent before reusing. 
 
The tested insecticide products may contain different concentrations of active ingredients 
so the dilutions of the insecticide are based on the active ingredient content.  
 
The application of the bioassays can be contributed to the measurement and assessment 
of the variation in the insecticide susceptibility in combination with the measurement of 
the susceptibility of a known susceptible standard population of the target insect. 
 
The statistical analysis for the determination of factors was made with the POLO software 
and it can be used probit analysis.  
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3. Insecticide resistance 
In this chapter the insecticide resistance mechanisms of M. persicae are described in detail 
and it is also presented bioassay studies with corresponding resistance mechanisms of 
different chemical groups. 
3.1 The evolution of resistance in M. persicae 
The evolution of resistance in M. persicae is attributed to various factors such as adaptability 
to different climate conditions and regions, distribution, variety of host plants, life cycle, 
reproduction activity, migration and ability to disperse, new mechanisms causing different 
damage to plants. The global distribution of green peach aphid in various economic crops 
and regions has led to be identified as one of the most important crop pests. The unique 
ability to find and adapt to new host plants is contributed to the formation of new host races 
with the most known instance the M. persicae subspecies nicotianae in tobacco plants. 
Moreover, the life cycle of M. persicae is affected by the climate conditions, also the 
existence of the basic winter host Prunus persicae and the genotypic characteristics of 
lineages. The life cycle of M. persicae can be discerned in two types and it depends on the 
presence or no of Prunus persicae. Particularly, in regions where Prunus persicae is cultivated 
in combination with mild climate and low temperatures in autumn the green peach aphid 
appears to need two hosts at least and the holocyclic reproduction mode especially both 
sexual and asexual happens. In other regions where P. persicae does not exist in 
combination with warm climate conditions the life cycle is anholocyclic with only 
parthenogenetic reproduction happens during the year. The parthenogenesis directs to the 
quick and dramatic increase of aphid populations in desirable conditions due to the brief 
duration of generations. Generally, the reproduction mode has direct consequences-effects 
to the genetic attributes of aphids.   
The evolution of insecticide resistance is closely correlated with the complicated life cycle 
changed correspondingly the environmental conditions of each region (Blackman, 1974).  
The summer hosts of M. persicae include annual crops such as potatoes, sugar beets, 
chrysanthemums, tobacco and many plants from family Brassicaceae where the common 
reproductive way is parthenogenesis. In this case of parthenogenesis the aphid populations 
are able to produce a combination of clones with the most preferable to be the dominant 
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inside the population. These clones could be overwinter in the asexual form (constant 
parthenogenesis in the protected plants, winter weeds, other crops as oil seed rape) or in 
the sexual form producing eggs on the primary tree hosts. Another factor which contributes 
to the selection of reproduction mode is not only the environment but also the genotype 
(Blackman, 1974). As a result some aphid clones select to reproduce holocyclic during 
autumn period with the production of males and sexual females, while others opt to 
reproduce only anhcolocyclyic with steady parthenogenesis and finally others can produce 
males without any females in androcyclic way. These different reproductive ways of aphids 
can affect severely the population structure and the gene flow.  
Another significant characteristic of M. persicae species is the ability to choose different 
plant hosts during the summer. Indicative example comprises the adaptive tobacco-feeding 
form which has been categorized as a distinctive specie M. nicotianae and this aphid specie 
can be recognized morphologically in relation to M. persicae (Blackman, 1987). This 
separation between the M. persicae species can lead to the decrease of the gene flow. 
Nevertheless, in regions where peach and tobacco crops cultivated in adjacent distances the 
species of aphid populations can develop a gene mixture through possible cross-breeding.   
In addition, a noteworthy genetic characteristic of M. persicae which is likely to affect the 
development of resistance is the karyotype. A long time ago it has been identified a 
heterozygous translocation between aytosomes 1 and 3 that is closely related with one 
specific type of esterase-based resistance (Blackman, 1978). This translocation shows a 
decrease in the sexual reproduction ability of aphids and this has as a consequence the 
limitation of dissemination of resistant genes. The basic characteristic of aphids which have 
the A 1,3 translocation is the extensive spread in warm mild climate conditions such as 
tropical areas globally and also in controlled conditions of glasshouses in northern Europe 
where the main aphid reproductive modes are anholocyclic or androcyclic.  
The evolution of insecticide resistance in field aphid populations is a forceful phenomenon 
developed progressively in spatial and temporal scale so it needs constant observation. In 
many countries and also in Greece the insecticide resistance development is attributed to 
the selective pressure of insecticide use and also the high heterogeneity in the life cycle of 
M. persicae between different regions. So, in regions where the P. persicae is cultivated the 
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migration aphid rates is so high from peach to other host plants in spring and this situation 
induces the dispersion of resistant genotypes. During the winter has been observed a high 
affinity for asexual resistant genotypes due to the various resistance mechanisms.  
3.2 Resistance mechanisms  
Two types of resistance have already been discerned in the M. persicae populations the 
previous years the metabolic and the molecular. The resistance development owning to the 
insecticide use has been mentioned in the majority of chemical groups by MoA classification 
such as organophoshates, carbamates, pyrethroids, cyclodienes and neonicotinoids.  
3.2.1 Enhanced carboxylesterase resistance to carbamates and organophosphates   
The increased production of carboxylesterases in the green peach aphid due to the 
insecticide use has directed to resistance development mainly in organophoshates, 
carbamates, and to a minor scale in pyrethroids. This mechanism is linked with the esterases 
ability of resistant aphids to hydrolyse the enzymes of a model substrate (Bass, 2014) and it 
was known a few decades ago. Moreover, the enhanced production of one of the two 
carboxylesterases E4 or FE4 which are able to hydrolyse or impede the chemical compound 
to approach the target site in the nervous system (Devonshire, 1982). More studies showed 
that the enhancement of the structural carboxylestaraces genes (E4 and FE4) was the basic 
genetic reason of the augmented production (Devonshire, 1979, Field, 1988). It was also 
discovered the close combination between the enhancement level and the resistant aphid 
phenotype with an increase close to 4- fold of gene copies which creating more resistant 
aphids. The enhancement of E4 genes is linked with the chromosomal translocation and the 
enhanced gene is located at a single heterozygous part on autosome three (Blackman, 1995, 
Field, 1997) whereas the reinforced FE4 genes do not appear any optical chromosomal 
adjustment and exist into the whole genome (Blackman, 1999). A significant point that is 
attributed to the enhanced E4 genes is that the resistance can be changed continually and 
the revertant clones can show a lack of esterase gene expression and consequently the 
insecticide resistance to be disappeared in one generation. The depletion of E4 gene 
expression in revertant clones is linked with the lack of 5-methylcytosine genes through 
demethylation (Field, 2000). The interpretation of the enhanced E4 gene production is not 
so understandable though it is correlated with the chromosomal translocation. 
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3.2.2 Mutation of acetylcholinesterase enzyme    
The first data in the carbamates resistance was reported in 90s and particular in populations 
of M. persicae from Greece (Moores, 1994). The resistance of this chemical group is 
rendered to the loss of the target site sensitivity of the acetylcholinesterase enzyme and 
especially the nervous impulse is blocked due to the hydrolysis of the neurotransmitter 
acetylcholine. So the alteration of MACE induces >100-fold insensitivity to dimethyl 
carbamate and pirimicarb (Moores, 1994). The identification of the molecular basis of MACE 
by cloning the gene AChE (ace) in some pests such as Drosophila melanogaster and Musca 
domestica was failed since no differences between the resistant and the susceptible clones 
was detected in any amino acid (Javed, 2003).  In most insects, it was observed that there 
are two perfect genes (number-1, number-2) where one of the two genes encodes the 
target site of the insecticide, number-1 involving in M. persicae species while in other 
species such Drosophila melanogaster and Musca domestica this function is made by the 
other gene number-2. The number-1 gene of the resistant and susceptible M. persicae 
clones showed a site mutation with a replacement of amino acid S431F in the protein 
succession of the insensitive enzyme that declared resistance to pirimicarb (Nabeshima, 
2003). Relevant studies showed that the new expression of the altered number-1 gene is 
closely related with the resistance of pirimicarb attaching to AChE (Benting, 2004). Another 
significant difference between the aphid species and other vertebrates is that the 
replacement of S431F in AChE due to the pirimicarb resistance it happens oppositely in other 
species where were found phenylalanine in the same location. The substitution of the amino 
acid in the succession of ten aphid species reassures the fact that this amino acid is the 
standard residue in the wild type aphid AChEs where the phenylalanine mutation is linked 
with pirimicarb insensitivity (Andrews, 2004). This amino acid residue at the particular 
location has a severe effect on the selectivity of pirimicarb owning to this amino acid can be 
found in the aphid species and it is the main reason of sensitivity to the dimethylcarbamates.  
 
3.2.3 Mutation of the voltage-gated sodium channel  
As it is mentioned above the increasing production of esterases in aphids leads to mediocre 
cross-resistance in the majority of pyrethroids and then it was found that this target site 
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resistance mechanism characterized as “knockdown resistance” or kdr (Martinez-Torres, 
1999). This mutation mechanism of voltage-gated sodium channel which is a 
transmembrane ion channel responsible for starting and multipling the neurotransmitter of 
the nervous system and the target of pyrethroid insecticides.  The first kdr report of M. 
persicae was appeared in 1997 and especially a substitution of leucine- tophenylalanine 
(L1014F) in transmembrane part IIS6 of the sodium channel was recorded in many resistant 
clones (Martinez-Torres, 1999). The kdr resistance of M. persicae populations provides 35-
fold resistance to the deltamethrin and cross-resistance to DDT (the same target site) while 
it was augmented more 15-fold resistance in aphid clones with extra high concentration of 
esterase (Martinez-Torres, 1999). The molecular basis of voltage sodium channel was 
examined in the rat brain Kv1.2 potassium channel proposed that the site of (L1014F) 
resistance is not associated with the pyrethroid binding-site and it is a structural change of 
the sodium channel that is less possible to open (Davies, 2009).  Another scenario for this 
resistance type is that the insect sodium channels occupy two binding sites with L1014F 
appearing to the second site (Du, 2013). Additional information is needed in the occasion of 
M. persicae due to the lack of the crystal structure if it has a double pyrethroid binding site 
or an altered single site.  
In other subsequent studies were also discovered a second mutation M918T beside to 
L1014F in a close site of IIS4-S5 intracellular binder (Elefterianos, 2008).  The certain 
mutation is associated with the initial super-kdr mutation recognized in housefly and 
amplified considerably the phenotypic expression of kdr resistance. The molecular basis of 
the M918T mutation has shown to be related with loss of polar interactions between 
pyrethroids and M918 where the IIS4-S5 binder is responsible for the pest toxicity (O’Reilly, 
2006). Both mutations have been recognized in many green aphid populations globally, and 
the M918T mutation has never been recorded alone without the presence of L1014F and the 
genetic analysis has proposed that the kdr and super-kdr have emerged as separate 
mutations (Anstead, 2005). Another type of super-kdr mutation M918L has been recorded in 
M. persicae on oilseed rape in France (Fontaine, 2011) and it was connected with lambda-
cyhalothrin resistance.  This resistance type was found at the position 932 of sodium channel 
with an alteration of L932F amino acid in atoms with L1014F mutation. The kdr and super-
kdr mutations in many species seem to have been inherited as the less dominant traits with 
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little or without phenotype modification in heterozygous atoms. However, in case of M. 
persicae the M918T, L1014F and M918L heterozygous individuals point a resistant 
phenotype to a variety of pyrethroids.  
 
3.2.4 Mutation of GABA receptor subunit gene    
Another type of resistance in M. persicae populations was found due to the use of 
endosufuran to the aphid species of peach orchards (Unruh, 1996). The endosufuran belongs 
to cyclodiene insecticides and this certain resistance came from mutations in GABA receptor, 
a ligand-gated chloride channel linked to the neurotransmitter γ-aminobutyric acid (GABA) 
(ffrench-Constant, 2000). The main resistance mechanism of this group has been detected 
with the replacement of a single residue (A302) in the M2 location of the receptor which is 
encoded by the Rdl genes (resistance to dieldrin) in various insect species and the 
predominance of the two resistant alleles A302S and A302G. The resistant clones of M. 
persicae was more complicated due to up to four Rdl alleles, the wild type allele A,  allele G, 
allele S and allele S’ (Anthony, 1998). The bioassay studies showed that the only allele G 
displayed resistance to endosufuran and heterozygous A/G clones presented a mediocre 
level of resistance. Moreover, the substitution of alanine 302 with glycine leads to have 
direct effects in the binding site and also make unstable the structure of the insect receptor.   
 
3.2.5 Resistance to nicotine and neonicotinoid insecticides  
Apart from developing resistance to carbamates, organophosphates and pyrethroids an 
extra resistance type in neonicotinoids has been identified in M. persicae populations.  The 
first resistance symptoms to this chemical group was recorded on the tobacco crop in M. 
persicae nicotianae (Devine, 1996, Nauen, 1996) and also in Greece a clone of M. persicae 
nicotianae (5191A) showed 30-60 fold resistance to various neonicotinoids in comparison 
with susceptible one (Philippou, 2009). The initial bioassay studies proposed that the 
resistance mechanism related with this class is the detoxification of P450-mediated and 
particularly the gene CYP6CY3 in 5191A clone with aid of microarray analysis.  In the tobacco 
clone the high expression of the CYP6CY3 gene was detected and it was also discovered that 
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the P450 was connected with the protection of the plant secondary metabolite nicotine 
(Bass, 2013). In another previous study a low sensitivity to plant alkaloid nicotine and also 
cross resistance to neonicotinoids was identified (Devine, 1996, Naeun, 1996). The 
expression of CYP6CY3 in insects’ cells indicated that this gene has the ability to metabolize 
nicotine to less toxic metabolites and detoxify imidacloprid and clothianidin (Bass, 2013).  
Furthermore, the CYP6CY3 gene detoxifies efficiently the nicotine and other nenicotinoids 
due to the large active site and it can induce resistance through the transgenic expression of 
D. melanogaster with a necessity to host change from M. persicae to M. persicae nicotianae 
in tobacco crops.  
The examination of CYP6CY3 genetic basis showed that the number of copy genes was 
increased due to the gene enhancement in five M. persicae nicotianae clones owned 14-100 
copies of the gene in comparison with two clones of M. persicae. These results were 
confirmed with other studies showed that the global genetic structure of M. persicae 
populations and their adaptation to tobacco plant was attributed to a recent single 
evolutionary procedure came from East Asia (Margaritopoulos, 2009). Another important 
observation was that in one of the five M. persicae nicotianae clones the augmentation in 
the number of gene copy was different compared to others near to 50 percent in the mRNA 
level expression recommending that other factors except for gene enhancement may be 
participated in the high expression of this gene.   
Another category of neonicotinoids’ resistance has also been observed the decreased 
penetration of insecticide related with another resistance mechanism in 5191A clone. 
According to the study results the 5191A clone in comparison with the sensitive clone 4106A 
showed a higher number of ESTs which are responsible for the formation of cuticular 
proteins (CPs) than 4106A clone (Puinean, 2010). Particularly, the three members of CPR 
group of CPs which represent the largest structural group in arthropods pointed many CPs in 
CPG family. In other aphid species Acyrthosiphon pisum the CP genes gathered in the 
genome and this reason highlighted the high number of ETs that encodes the CPs as it was 
happened in M. persicae 5191A clone (Callot, 2010).  Moreover, in a lab study was examined 
the penetration degree of imidacloprid insecticide to the cuticle of 5191A clone in relation to 
the sensitive one and the results showed that only 22% of the imidacloprid dose regained 
from the cuticle after 50h for sensitive clone while the 50% of the dose regained for the 
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resistant clone (Puinean, 2010). This certain resistance mechanism may be related with 
changes in cuticle structure, composition or both of them.  
3.2.6 Mutation of nicotinic acetylcholine receptor (nAChR) 
In addition to the two resistance types referred above another type of neonicotinoid 
resistance has been reported and it has been regarded as most important as others due to 
the lessened insecticidal activity of neonicotinoids induced. The first case was the FRC M. 
persicae clone reported from peach in South France and it displayed strong resistance to this 
chemical group (Bass, 2011, Slater, 2011). In order to determine the resistance mechanism 
of the FRC clone synergistic bioassays were conducted and as a result two mechanisms 
recognized the amplified detoxification by cytochrome P450s and the lack of effectiveness 
from piperonyl butoxide PBO (Bass, 2011). Moreover, the microarray analysis showed that 
the high expression level of CYP6CY3 gene was similar with other mediocre resistant clones. 
Having regarded the research results, the resistant FRC phenotype was directly correlated 
with modification of neonicotinoid target site, the nicotic acetylcholine receptor (nAChR), a 
significant neurotransmitter which regulates the signals in the nervous system of pests. 
Analytically, the FRC M. persicae clone pointed a high preference to the imidacloprid binding 
site lost in the sensitive clone and the low preference site was highly expressed and hardly 
changed with regard to the susceptible clone. The ensuing sequence of genes in the (nAChR) 
displayed a point mutation in the loop D site of β1 subunit and it triggers a replacement of 
arginine with threonine. The loop D is as crucial as it participates to the formation of binding 
site for the natural acetylcholine and specific agonists such as neonicotinoids. Especially, the 
selectivity of neonicotinoid for pest nAChRs is associated with the effects between the 
positively charged residues in loop D of β subunits and the outstanding pharmacophore 
(cyano or nitro group) of the certain insecticides (Shimomura, 2006). The R81T binding site 
of neonicotinoids was analyzed through mutagenesis in this site and homology modeling 
examinations of vertebrates and insects. Consequently, the R81T mutation is related with 
the decreased sensitivity of the (nAChR) resistant aphids to neonicotinoids due to the lack of 
instant electrostatic interactions of the electronegative pharmacophore and therefore the 
arginine remains into the loop D. Finally, the R81T mutation has effect in other nAChR 
inhibitors such as sulfoximines and butenolides.  
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3.3 International bioassay studies with different chemical groups   
In this unit the insecticide resistance studies’ results of M. persicae aphid populations from 
different countries and various host plants will be presented. The levels of insecticide 
resistance were examined with biochemical methods determining the LC50 values and the 
resistance factors (RF) for each chemical group. The below case studies referred to 
recognized resistance mechanisms on green peach aphids connected with the selection 
pressure of the respective insecticide groups.  
3.3.1 Pyrethroid insecticide resistance  
One of the most common resistance types in M. persicae is the enhanced esterase 
expression and also the kdr and the super-kdr resistance related with pyrethroid chemical 
group and DDT insecticides due to the alterations in the voltage-gated sodium channels of 
nerve membranes. This particular resistance type was investigated in M. persicae clones 
whose samples were collected in UK and bioassays were conducted with DDT and 
deltamethrin insecticides by (Martinez-Torres, 1999). The results showed that the super kdr 
mechanism was the basic reason of deltamethrin and DDT target site resistance. The kdr 
mutation alone reported 35-fold to deltamethrin while in combination with amplified E4 
esterase genes presented a remarkable increase to 150-fold for moderate esterase resistant 
clones and 500-fold for high resistant clones. The FE4 esterase mechanism pointed 3-4 fold 
resistance to deltamethrin on its own in the same esterase clones without observing sodium 
channel mutation.  
Another bioassay study of pyrethroid resistance in which the mutations M918T and L1014F 
was examined in field clones of M. persicae with lambda-cyhalothrin, deltamethrin, 
cypermethrin, tau-fluvalinate, bifenthrin, permetrin and tefluthrin insecticides by 
Eleftherianos (2008). The results showed that the kdr-RR/skdr-SS clone was resistant to all 
pyrethroids and its resistance ranged from 23-to 55-fold for the pyrethroid type II and from 
19 to 73-fold for type I while the EC50 values were higher in the field clones with a 
heterozygous kdr and s-kdr genotype than those with kdr-SR/skdr-SS clones. The findings 
displayed that the kdr and super kdr resistance was higher in heterozygote clones than 
homozygote clones with L1014F mutation and without M918T in all the above tested 
pyrethroid compounds. Moreover, the resistant insects which had the super kdr mutation 
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pointed higher resistance levels to second pyrethroid type in comparison with insects which 
had only kdr mutation. Also, the compounds of the second pyrethroid group (lambda-
cyhalothrin, deltamethrin, cypermethrin, tau-fluvalinate) regarded as more resistant in the 
kdr/super-kdr heterozygote clones than the first pyrethroid group (bifenthrin, permetrin and 
tefluthrin).  
An extra test to specify the kdr, super-kdr, carboxylesterase and MACE resistance was 
conducted in field UK clones by (Anstead, 2004). The clones examined were both 
homozygous and heterozygous in order to determine the L1014F and M918T mutations with 
application of deltamethrin insecticide. The dose rate of deltamethrin opted was 100ppm for 
the discrimination and the survival level of different genotypes. According to the results, the 
most resistant clones to the insecticide were the heterozygous genotype for both M918T 
and L1014F mutations, followed by the homozygous for both L1014F and M918 then the 
homozygous for M918 and heterozygous for L1014F, and finally the most susceptible 
genotypes were the homozygous for both L1014 and M918 mutations. In this study it was 
found individual aphids which possessed multiple resistant mechanisms MACE, enhanced 
carboxylesterase, kdr and super-kdr with an increasing trend.  
Moreover, the kdr and s-kdr insecticide resistance was investigated in the field clones of M. 
persicae in Italy by (Panini, 2015). The samples of the aphid populations were collected 
mainly from peach orchards and some secondary hosts in different regions. In order to 
assess the susceptibility level of clones three pyrethroid insecticides applied from group I 
bifenthrin, group II lambda-cyhalothrin and DDT with dip-test bioassays. In this certain study 
apart from the two common mutations L1014F and M918T another type of s-kdr (M918L) 
mutation recorded on most green peach aphid populations in Italy. In accordance with the 
results the group I bifenthrin insecticide showed no efficacy against M. persicae populations 
due to the high resistance. In populations that possessed both types of mutations (M918T 
and M918L) the resistance levels to pyrethroids was much higher. Also, differences were 
observed between the two pyrethroid groups with higher resistance factors found in group II 
lambda-cyhalothrin. The individuals in which the M918L mutation was detected only and in 
heterozygous form they did not present any resistance to DDT with bioassays while no data 
were available for the homozygous type of M918L owning to the scarce genotype and the 




3.3.2 Carboxylesterase insecticide resistance   
The resistance type linked with the overproduction of acetylcholinesterase enzyme (AChE) 
induced by organophosphates and carbamates insecticides which both of them detoxify 
these esters. Particularly, bioassays with these specific chemical groups were carried with 
pirimicarb and triazamate insecticides in M. persicae and M. nicotianae clones with known 
identified genetic profiles by (Moores, 1994). In one of the examined resistant clones with 
insensitive AChE gene the resistance factors were higher than 500 to pirimicarb and 
triazamete but not to methomyl while in other clones the values showed low to mediocre 
resistance levels depending on the presence or no of insensitive AChE. According to the 
study, the resistance in most clones was rendered to E4 esterase and the insensitive AChE 
contributed to an increase at least 10-fold when it was heterozygous.  
An extra study the resistance levels of E4/FE4 esterase and insensitive AChE (MACE) in Italian 
populations of M. persicae from peach orchards or herbaceous nearby secondary hosts was 
performed by (Mazzoni, 2002). In the bioassays the pirimicarb insecticide with purpose to 
diagnose the mortality of aphid clones used and according to them the 35% of aphid 
populations showed mortality above 80% while the 21% of examined samples noted 
mortality below 3% and the rest populations pointed mediocre mortality. Also, the results 
showed that the majority of field populations had high esterase content with overproduction 
of E4/FE4 whereas the minority of populations noted insensitive AChE in various regions in 
Italy.  
In another study the carboxylesterase resistance levels in peach-potato field aphids of M. 
persicae in Scotland were measured (Devonshire, 1977). On condition that to ascertain the 
carboxylesterase resistance two chemical groups organophosphates and carbamates and 
especially dimethoate and pirimicarb were tested with bioassays. The findings displayed that 
the majority of field clones had moderate esterase activity 2-fold greater than the 
susceptible one and only one presented low esterase activity. Also, individuals were found in 
the majority of field populations with high esterase activity approximately 10 to 12-fold in 
relation with the sensitive clone. The resistance factors for aphids with high esterase activity 
were 100-fold to dimethoate while those with moderate esterase activity were 8-fold to 
34 
 
dimethoate.  The results displayed that aphids with high carboxylesterase activity had 4 to 9-
fold resistance to pirimicarb.  
In order to determine the resistance mechanisms of M. persicae clones in Italy biochemical 
methods were used (Criniti, 2008). The aphid samples were collected mainly from peach 
orchards and other crops such as tobacco, tomato, potato and the resistance was examined 
with tau-fluvalinate and pirimicarb insecticides.  The study results pointed that the peach 
potato aphid clones in Italy had high or too high esterase activity with a percentage near to 
75% of clones while the 60% about of aphid clones had kdr resistance in addition to the 27% 
of these aphid clones possessed the super-kdr resistance. Furthermore, the insensitive AChE 
resistance was recorded in about 27% of the tested clones in Italy with heterozygous or 
homozygous mutation. The higher resistance levels at both mechanisms were observed in 
Northern Italy in relation to central and South Italy. This phenomenon was attributed to the 
development of the selection pressure by insecticides basically on peach orchards and also 
the asexual aphid reproduction mode.  
In addition, the insensitive AChE and the enhanced carboxylesterase activity both of them 
are connected with pirimicarb resistance of M. persicae clones in Korea was investigated 
(Kwon, 2009). Bioassays with leaf dip method were carried out in two clones the susceptible 
and resistant with pirimicarb and other insecticides from different chemical groups. The 
results displayed that the aphid clones had 131-fold resistance to pirimicarb and also the 
cross-resistance to other CBs and OPs applied were 0.9 to 3.9-fold while for imidacloprid and 
acetamiprid the cross-resistance level was 5.2 and 44.9 respectively. Moreover, the findings 
showed that the insensitivity AChE created by Ser431Phe mutation is possible another 
mechanism of pirimicarb resistance. 
 
3.3.3 Nicotinic acetylcholine receptor (nAChR) insecticide resistance  
The most popular resistance type in M. persicae populations is the nicotinic acetylcholine 
receptor nAChR triggered by chemical class of neonicotinoids as they have used widely in the 
chemical control against aphid species. Several studies have been conducted with 
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neonicotinoids in order to find out the resistance levels of green peach aphid populations in 
different regions.  
Firstly, in one study the responses to M. persicae clones were examined in UK with four 
different insecticides imidacloprid, acetamiprid and nitenpyram from the same chemical 
group (Foster, 2003). The aphid samples were collected from various field and glasshouses 
crops and were tested with full dose response bioassay method. According to the results, 
the clones had different resistance levels of carboxylesterase, MACE and kdr resistance and 
also the tolerance factors were considerably low (<10-fold) to imidacloprid as aphid clones 
showed various ability to resist on insecticides and also the ED50 values for imidacloprid and 
acetamiprid noted a strong correlation. Consequently, a positive correlation was observed 
between reactions to the three neonicotinoids tested and there no available data for the 
correlation between the neonicotinoids resistance and other three known and recognized 
resistance mechanisms in M. persicae.   
In another study the neonicotinoids resistance was investigated in detail considering 
biochemical assays and bioassays in Australia of M. persicae clones (Little, 2017). The aphid 
populations were collected from different regions and from canola, vegetable crops and host 
weeds. The screening of resistance was made with imidacloprid applying a topical 
application bioassay technique. The findings showed that approximately half of the tested 
aphid clones possessed the nAChR resistance but the resistance factors were relatively low 
compared to the susceptible clone ranging from 2.5-fold to 25-fold. Regarding the resistance 
mechanisms of neonicotinoids no one populations pointed any target site resistance related 
with R81T mutation while in some clones a high copy number of P450 gene CYP6CY3 were 
recorded.  
Additionally, the resistance levels of M. persicae clones in France were studied thoroughly in 
order to determine the effect of R81T mutation on insecticide sensitivity of homozygous and 
heterozygous clones and it was also investigated the relationship between phenotype and 
the respective genotype of clones (Modett, 2016). The aphid clones were collected in France 
from peach orchards and they compared with other known resistant clones applying 
artificial feeding bioassays with imidaclorpid and thiachloprid insecticides.  The study results 
displayed that resistant phenotypes linked with homozygous mutant genotypes R81 and also 
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the homozygous resistant clones recognized with R81T mutation had greater resistance 
levels in both tested active ingredients in relation to heterozygous and sensitive homozygous 
clones. Furthermore, cross resistance was observed between imidaclorpid and thiachloprid 
in M. persicae clones and the LC50 values for both insecticides showed a close positive 
correlation.  
Another study for diagnosing the susceptibility level in the adapted tobacco-form of M. 
persicae was carried out by (Srigiriraju, 2010) in USA for four years. The aphid samples were 
collected from tobacco crop mainly and were examined with leaf dip method using 
imidacloprid bioassays. The bioassay results of imidacloprid and the LC50 values showed a 
great fluctuation between the clones and it was also observed various susceptibility levels 
concerning the aphid colors without statistically differences. The resistance ratios were 
considerable high to imidacloprid and about half of aphid colonies had resistance ratios 
more than 10 while in some colonies more than 20 which showed that the resistance was 
prevalent in comparison with other countries. In this specific study none resistance 
mechanisms were identified and the resistance development was attributed to natural 
variation due to nicotine adaptation rather than the selection pressure of imidacloprid.    
In other work the condition of target site mutations related with the neonicotinoid and 
pyrethroid resistance in M. persicae populations was studied in Italy by (Panini, 2014). The 
aphid populations were collected from peach orchards mostly and some from herbaceous 
hosts and the dose-response bioassay method was used with one susceptible and two 
resistant clones to neonicotinoids. This work results pointed that the LC50 values of the lab 
resistant clones were higher than the susceptible one and also the resistance factors showed 
the same trend and it was the first report of the R81T mutation in herbaceous hosts. 
Particularly, in the Emilia-Romagna region where peach is cultivated with high intensity the 
majority of aphid populations possessed R81T mutation linked with the neonicotinoid 
resistance and 35.5% of individuals were homozygous while 29.5% heterozygous and the 
35% of individuals noticed a homozygous wild type form. Furthermore, apart from R81T 
mutation it was also recorded kdr and super-kdr mutations connected with pyrethroid 
insecticides with increasing dynamic in the majority of aphid populations.  
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3.4 Bioassays in Greek M. Persicae populations  
The Greek populations of the green peach aphid M. persicae have also been identified with 
known resistance mechanisms as it has been found in other countries globally. The 
resistance profiles of aphid populations were recorded in both peach orchards and tobacco 
crops but in other herbaceous hosts like pepper, eggplant was also noted. In case of the 
tobacco crop the M. persicae populations appeared with the tobacco-adapted subspecies 
form and it was recognized as M. persicae nicotianae (Blackman, 1987). Several studies have 
been conducted to determine the resistance levels and the resistance evolution in Greek 
aphid populations with biochemical and molecular methods. Some of these studies will be 
presented in this unit with the resistance factors’ results and the respective resistance 
mechanisms.  
3.4.1 Nicotinic acetylcholine receptor (nAChR) insecticide resistance  
In order to determine the neonicotinoid resistance levels of M. persicae populations in Greek 
regions between the years 2007 and 2015 one study was carried out (Voudouris, 2017). The 
aphid samples were collected mainly from tobacco crops in Northern Greece some from 
peach orchards in central, south and western Greece and they were tested with dose 
response bioassays and specifically the leaf-dip test method. The total number of aphid field 
clones was 62 and 60 for 2007 and 2015 year respectively and also two known lab 
susceptible clones US1L and 4106A were used for comparison with field clones. The leaf dip 
tests were performed with two insecticides imidacloprid and spirotetramat. According to the 
study results, the mean LC50 values of imidacloprid were lower in peach clones than those in 
tobacco with the lowest values were recorded in peach clones from central and northern 
Greece and the LC50 values for the year 2015 were 10-fold higher than year 2017. An 
important point of study observed that there were significant differences between the 
peach and tobacco crops from the same or close regions in northern Greece. Moreover, the 
frequencies of the resistance factors showed similarities between the aphid clones from the 
two studied years (2007, 2015) and also the values were higher on the tobacco crop in 
comparison with the peach clones.  
In case of spirotetramat the mean LC50 values did not point any significant differences 
among regions and hosts while the resistance factors were extremely low compared with 
38 
 
the RF values of imidacloprid. Regarding the resistance mechanisms of neonicotinoids the 
R81T mutation was noticed in Greek aphid populations with low frequencies in Northern 
Greece on the contrary to the previous bioassay studies in which the R81T mutation was not 
detected but only the amplification of CYP6CY3 P450 gene. The resistant aphids with the 
mutation were heterozygous and the samples were collected from peach crop.   
In a second study the resistance levels of neonicotinoids were measured in combination with 
the recognition of metabolic resistance mechanism in Greek M. persicae clones by 
(Philippou, 2010). In this study aphids with known profiles (resistant or sensitive) were used 
some of them collected in Greece and all of them reared on the lab from single 
parthonogenetic females. In order to identify the neonicotinoid resistance the aphid clones 
were tested with two insecticides imidacloprid and a-cypermethrin using full dose-response 
bioassays and it was also used two synergistic products PBO and EN 16/5-1. According to the 
study results the clone 5191A was tested with imidacloprid noted the higher resistance 
factors in comparison with the other resistant clones while in case of first synergistic 
pretreatment with PBO used on 5191A the LC50 reduced significantly and in second 
pretreatment with EN 16/5-1 on 5191A the LC50 decreased to a lower grade than PBO 
without statistical differences between clones. The certain findings pointed that the 
resistance caused by selection of the insecticides might have been affected to an extent by 
the metabolic enzymes activity. Moreover, the neonicotinoid resistance level was increased 
in some Greek clones and this was in accordance with the results of other studies in Greek 
tobacco samples due to enhanced oxidase activity (Margaritopoulos, 2007). Finally, the 
resistance levels of examined clones to pyrethroids were similar and consequently the 
enhanced level of FE4 was not associated with the reinforced imidacloprid resistance in 
5191A.  
 
3.4.2 Carboxylesterase – MACE insecticide resistance   
An additional study for investigating the resistance levels of M. persicae Greek populations 
and especially the existence of resistance mechanisms MACE, kdr and overproduction of 
esterase was conducted by (Margaritopoulos, 2007). A great number of field aphid 
populations were picked from peach and tobacco crops from different regions in mainland 
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Greece. The samples were examined with two widespread insecticides deltamethrin and 
imidacloprid applying the FAO dip test bioassays and molecular-DNA methods.  The aphid 
samples from peach were collected from 2004 to 2006 while from tobacco crops at the 
period 2004-2005 and the susceptible clone US1L was also used. The results showed that the 
neonicotinoid resistance ranged in low scale as the majority of clones had low RF values. 
However, the resistance factors and the mean LC50 values of imidacloprid in some of the 
tobacco samples were high enough compared to the respective values of peach in northern 
regions where peach cultivated with high intensity. In case of deltamethrin insecticide the 
resistance factors showed high values which was meant that OPs, carbamates and 
pyrethroid resistance was prevalent. For both tested insecticides differences were observed 
between crops and regions and the peach samples had the lowest values. Moreover, high 
frequencies were observed in aphids with three resistance mechanisms enhanced esterase, 
insensitive AChE and the kdr mutation in the majority of aphid populations in different Greek 
regions.   
In another study the resistance levels of M. persicae clones for three known resistance 
mechanisms were detected in Greek populations by (Cox, 2004). A great number of aphid 
field samples and also aphid clones reared in lab were tested with diagnostic bioassay 
method and biochemical tests at the period 1998-2000.  The samples were collected from 
peach crop in northern and central Greece while in the south Greece the samples taken from 
tobacco crop and other secondary hosts. The aphid samples were checked with the 
insecticides DDT and imidacloprid applying the full dose response bioassays and other clones 
of known resistance sensitivity were also tested. The results displayed that high levels of 
enhanced carboxylesterase and MACE in aphid clones conferred resistance to 
organophosphates and carbamates chemical classes. In case of pyrethroids the knock down 
resistance was recorded but the frequencies of clones with kdr resistance were low 
compared to northern Europe populations. The resistance levels of imidacloprid in Greek 
aphid clones pointed an alarming increase in relation with previous years and for this reason 
continuous monitoring is needed for preserving the insecticide effectiveness.  
An additional work for investigating the resistance levels and the effectiveness of 
pymetrozine against M. persicae populations in Greece was conducted by (Margaritopoulos, 
2010). The aphid field samples were collected from tobacco and peach crops and they were 
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tested with leaf-dip bioassays using pymetrozine insecticide. Another point the transmission 
of PVY virus on tobacco crops from the subspecies aphid M. persicae nicotianae was 
assessed with the application of pymetrozine. The number of aphid lineages was forty four 
from various Greek regions during the period 2005-2006 and also two known susceptible 
clones were used the (US1L) and another from Slovenia without carrying any resistance 
mechanism. According to the study results the LC50 values of pymetrozine were relatively 
low as the resistance factors was under 6 meant natural variation among aphid clones. The 
genetic traits of aphid clones did not show any effect on RF values although heterogeneity 
was observed. Also the highest mean value of LC50 was recorded on tobacco crops from 
northern Greece. Thus, the pymetrozine did not provoke any resistance in Greek M. persicae 
populations and it also influenced the acquisition and inoculation of virus as managing to 
diminish the transmission of PVY on tobacco. 
 
3.5 Fitness cost and insecticide resistance  
The development of insecticide resistance is related with fitness cost and especially it means 
that the resistant individuals of an insect population need extra energy and resources or may 
appear some biological or genetic alterations compared to the susceptible individuals. So 
genes that possess some type of resistance are difficult to incorporate into natural 
population. Another important point is that the fitness cost is not only linked with the 
insecticide resistance but it is also relevant with the adaptation and survival of an insect in 
new environmental conditions and how easily is adapted to new plant hosts and their toxic 
secondary metabolites (Coustau, 2000). The phenotype of an insect is affected by the 
selection pressure of each environment and in case of environmental changes or returning 
to the old ones the phenotypic alterations may be severe. One usual resistance mechanism 
is the overexpression of the resistant genes which can lead to energy and resource 
redistribution deteriorating the metabolic and evolution procedures. Moreover, the target 
site alteration or the low expression of it can cause fitness cost since this alteration may 
have an effect to the function and finally it could be lost. In occasion of the molecular 
modification the genes could show significant phenotypic changes which affect the survival 
and reproduction of the resistant individuals due to behavioral and morphological 
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alterations. The fitness cost is regarded of highly importance to heterozygous than 
homozygous owning to the heterozygous is abundant in the early stages due to the 
insecticide selection and also the changes of the phenotypic traits can be investigated easily 
in these individuals (Kliot, 2012). The high degree of fitness cost would lead to the slow 
distribution of resistant genes into the population and it can be taken into consideration in 
the planning of IPM programs.  
According to studies the fitness cost of green peach aphid M. persicae have showed different 
resistance mechanisms to chemical groups used is related with the resistance. A thorough 
survey in the UK showed that during the autumn the number of resistant aphids to 
organophosphates was increased in relation to the end of the cultivation period (Foster 
1999, 2000). Particularly the resistant individuals could not resist to low temperatures during 
the winter and they are unlikely to develop large populations this period. This disadvantage 
to set up enormous populations was associated with the tardy motion of resistant 
individuals from the old leaves due to this behavioral disadvantage and this is linked with 
impaired response to aphids’ alarm pheromone. This pheromone is released by green peach 
aphid individuals on the occasion that are bothered by other natural enemies and as a 
reaction they send a sign to the adjacent aphids to interrupt feeding and dispersion.   
Concerning the impaired response to the alarm pheromone of the resistant atoms it was 
pointed out in other studies that it was correlated with high carboxylesterase resistance and 
knock down kdr resistance to pyrethroids.  So, the kdr gene was found to be in imbalance 
with the genes linked with OP and carbamate resistance and for this reason it was dominant 
in the population. In addition, the resistant individuals were more susceptible to 
endoparasitoid wasp attacks at different spatial scales and the sensitive aphids move from 
their inoculation to the other plant leaves after parasitoids attack. These findings pointed 
that the natural enemies can affect the development of insecticide resistance as arousing 





In this chapter the bioassay results applying the insecticide flonicamid in Greek aphid clones 
and the discussion are presented.  
4.1 Bioassay results of flonicamid 
Flonicamid belongs to a novel chemical class and this active ingredient can be used against 
nymphs and adult aphids. Flonicamid inhibits the aphids’ feeding activity and the pests die 
due to starvation. In addition, flonicanid has not shown cross resistance to other chemical 
groups and it has systemic and transamilar activity. It is a selective insecticide which means 
low or no toxicity to beneficial insects of aphids with an adequate environmental and 
toxicological profile. An extra advantage of flonicamid is that it can reduce drastically the 
virus transmission from aphids owning to antifeedant activity. 
The results of the bioassays with flonicamid against aphid clones collected from peach in 
2019 are presented in table 1. The total number of the examined field clones was (N=10) and 
they came from Meliki prefecture in Northern Greece. Apart from the field-collected aphid 
clones, the susceptible clone 4106 was examined. The resistance factors (RF) were calculated 
using the LD50 of the susceptible 4106A clone (RF = LD50 of a field-collected clone / LD50 of 
4106A). 
According to the results, the values of LD50 ranged from 1,660 to 4,375 ppm for the clones in 
Meliki region while the lowest LD50 value 1,091 ppm was measured in sensitive clone 4106. 
The resistance factors (RF) were relatively low (1,0-4,0).  
According to the RF results the examined Greek aphid clones did not show any resistance to 
the insecticide flonicamid. Especially, the resistance factors ranged from 1,5 to 4,0 in Meliki 
prefecture. Observing the resistance factors values of aphid clones from this region in 

















N= Total number of aphids examined with bioassay method, n= number of concentrations without control, CL= confidential limits, RF= resistant 
factor
Clone Host Colour N n LD50 95% CL RF X2 P 
4106A Pot Green 670 10 1,091 0,945-1,258 1,0 5,721 0,573 
MP1 Pe Green 180 9 3,536 2,578-4,879 3,2 2,064 0,914 
MP2 Pe Green 180 9 4,226 3,114-5,791 3,9 1,485 0,960 
MP3 Pe Green 200 10 1,874 1,323-2,629 1,7 4,833 0,680 
MP4 Pe Green 180 9 4,266 3,114-5,791 3,9 1,485 0,960 
MP5 Pe Green 180 9 4,375 3,214-6,025 4,0 1,849 0,933 
MP6 Pe Green 200 10 2,141 1,508-3,028 2,0 4,324 0,742 
MP7 Pe Green 200 10 3,051 2,196-4,262 2,8 4,538 0,716 
MP8 Pe Green 180 9 3,804 2,75-5,312 3,5 3,804 0,703 
MP9 Pe Green 200 10 3,308 2,171-5,113 3,0 7,047 0,424 
MP10 Pe Green 200 10 1,660 1,188-2,300 1,5 5,215 0,634 
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4.2 Discussion  
The results of international applications with bioassays are presented in order to 
determine the resistance levels and the effectiveness of the insecticide used. The 
bioassays with flonicamid insecticide are not referred only to the effectiveness against 
Myzus persicae aphids but also in other aphid species and sucking pests such as Bemisia 
Tabaci.  
One bioassay conducted with flonicamid against Greek M. persicae aphid populations 
and the LC50 values ranged from 1,101 to 6,212 ppm for the clones. So, the respective 
resistance factors were relatively low within 1,0 to 5,7 pointing no resistance 
appearance (Margaritopoulos, 2020).  
In one bioassay study the mortality level of M. persicae strain in Korea was measured 
applying flonicamid with leaf dip test method and the LC50 value of flonicamid was 
2,56mg/L against adults of M. persicae (Cho, 2011). Moreover, the effectiveness of 
flonicamid against cotton aphid Aphis gossypii was tested with bioassay and the LC50 
values ranged from 2,07 to 5,22 ppm. The respective results of resistance factors ranged 
from 1,1 to 2,5 and they did not show any resistance as they were relatively low (Gore, 
2013).   
In another study the insecticidal activity of flonicamind was examined against various 
aphid species and pest stages such as (M. persicae, A. gossyppi, R. padi, S. graminum 
and L. erysimi) and the results of LC50 values ranged from 0,64 to 2,01mg/L that 
indicated high mortality according to (Morita, 2007). In addition, the bioassay results 
with leaf dip method using flonicamid showed a similar trend as the value of LC50 was 
2,40mg/L that meant high susceptibility against adults of Aphis gossypii in Korea by 
(Koo, 2014). 
Moreover, one bioassay study with flonicamid insecticide pointed out that the LC50 
values were 20,4mg/ml after 24h, 0,39mg/ml after 48h and 0,24mg/ml after 72 h 
against nymphs of Acyrthosiphon pisum aphid specie (Sadeghi, 2009). Similar results 
were found in other bioassay study as the LC50 values of flonicamid was 0,05mg/ml after 
24h against nymphs of Aphis punicae (Rouhani, 2013).  Additionally, the activity of 
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flonicamid was evaluated against whiteflies’ adults of Bemisia Tabaci in Greek 
populations and the LC50 values ranged from 95,7 to 1001mg/l without showing any 
resistance development (Roditakis, 2014). 
The green peach aphid M. persicae has developed resistance to the majority of the 
chemical groups used for its control according to bioassay studies. The chemical control 
is a widespread and effective method and as a result it has been overused and has led to 
the resistance development. The last decade the most common chemical class that has 
been applied against aphids is neonicotinoids due to its high efficiency. The continuous 
use of this chemical class has increased steadily the resistance factors and consequently 
the resistance mechanisms have spread to many aphid populations.  
Apart from the neonicotinoids group other widespread groups that have been used 
effectively for the control of M. persicae aphid are organophosphates, carbamates, 
dimethyl carbamates and pyrethroids. The green peach aphid has developed resistance 
against these chemical groups and also seven resistance mechanisms have been 
identified in total. The basic cause of resistance mechanisms is the selection pressure 
from the insecticides during the cultivation period and the biological characteristics of 
M. persicae such as genetic variability and adaptability, migration/spread between 
different crops and regions and many generations per year. Specifically, the resistance 
mechanisms identified are R81T and P450 related to the neonicotinoid group, kdr and 
super-kdr connected with pyrethroids, MACE (AChE) referred to dimethyl carbamates 
and finally the two carboxylesterases E4 and FE4 are in relation with organophosphates 
and mono carbamates. 
In the present study the resistance levels of Greek aphid populations of M. persicae 
against flonicamid were examined using the FAO-leaf dip bioassay method. Flonicamid is 
currently being used widely against aphids and other sucking pests. Briefly the results 
showed that the resistance factors were relatively low, despite the fact that this 
insecticide has been used extensively the previous years against aphids and there has 
been no indication of resistance.  Moreover, the results found in this study were in 
accordance with other bioassay results with flonicamid in which the LC50 values and RFs 
were low. To conclude, until now no resistance mechanism has been detected. 
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However, there is a need for constant monitoring and examination of resistance levels 
in more aphid clones from various crops and regions.  
In some cases where the pests have developed resistance in one chemical group and the 
frequency of the resistant genotypes is high it is rather difficult to reverse this situation 
(Sparks, 2015).The resistance levels do not fluctuate with the same way in aphid 
populations from west Europe and from Greece. In some cases in West Europe a 
decrease has been observed in the resistance mechanisms MACE and carboxylesterase 
overproduction and an increase in kdr and R81T due to the reduction of 
organophosphates and carbamates and an increase in pyrethroids and neonicotinoids 
respectively (Foster, 2000). The maintenance of resistance mechanisms in Greek 
populations is attributed to the following reasons. Firstly, the selection of the resistant 
populations is higher in Greece due to the milder winter as the resistant populations 
cannot able to survive in too low temperatures compared to the sensitive. Secondly, the 
sexual reproduction is common in Greek M. persicae populations and as a consequence 
the sexual genotypes can overwinter on peach as resistant egg in low temperatures 
(Margaritopoulos, 2002). Finally, the sexual reproduction causes recombination of genes 
and the creation of more resistant genotypes which present competitive characteristics 
and mitigate the resistance effects (Fenton, 2010).  
The insecticide resistance is a dynamic phenomenon that is altered progressively in time 
and space. The optimal selection of insecticides for the successful chemical control of 
pests and especially the M. persicae aphid is regarded as a complicated decision and it 
should be based on scientific criteria for each pest or region. The most important 
strategy adopted in integrated resistance management programs is the rotation of 
available insecticides with different MoA groups regarding the window approach during 
the cultivation period. The biological characteristics of green peach aphid such as the 
large number of generations and its ability to spread extensively in various crops point 
out the tendency of aphid populations to develop resistance. The basic tools used for 
the control of aphids are restricted importantly as some of the chemical groups have 
been removed from the agricultural market. The most widespread class neonicotinoids 
have been banned from European Union in open field crops and the same decision is in 
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force for the insecticide pymetrozine. In the current period the available insecticides 
that could be used for the control of aphids are only spirotetramat, flonicamid, 
sulfoxaflor and flupyradifurone.  According to the literature there are not any references 
for resistance development in aphids from the insecticides mentioned above and also 
no cross resistance has appeared among them. Moreover, the insecticides 
flupyradifurone and sulfoxaflor have the same mode of action as neonicotinoids but 
they are classified in different MoA groups such as 4D and 4C respectively. The 
insecticides flupyradifurone and sulfoxaflor can be used in alteration to spirotetramat, 
and flonicamid but not to neonicotinoids since their insecticidal efficiency can be 
affected due to R81T mutations.  
5. Conclusions  
 
Myzus persicae is a difficult pest to be controlled effectively owning to quick 
development of resistance in many chemical classes of insecticides. The continuous 
monitoring of insecticide resistance by authorities and stakeholders which are 
responsible for planning of crop protection programs is a necessity.  The prompt 
determination of resistance development based on historical resistance data should be 
accompanied by proposing effective control measures depending on crop and region 
characteristics. The optimal use and rotation of insecticides with purpose to maintain 
their effectiveness is regarded as a matter of paramount importance for the control of 
aphids. Furthermore, taking into consideration the restriction of available insecticides 
against aphids an alternative strategy could be the reuse of older chemical groups such 
as pyrethroids, organophosphates and carbamates in cases where the resistance profiles 
of populations has reversed significantly. New innovative insecticides are introduced in 
the market with a low rate and the substitutions are not enough to cover the needs for 
control. Finally, the biological control of aphids with natural enemies should always be 
considered when designing an IPM program.   
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